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ABSTRACT

Changes in the chemical properties of nylon 66 taffeta material and
olive drab ripstop material on accelerated thermal aging are reported. The
thermooxidative changes that occurred were used to measure rates and degree of
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degradation after outdoor exposure. No phototendering was found for the dyed
material and the difference in degradation rates was attributed to different
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AGE-LIFE PREDICTION OP NYLON 66 PARACHTITF

MATERIALS -PART 2. CHtANGES IN THE CHEMICAL AND PHYSXCAT.

PROPERTIES OF MATERIALS ON AGIN(

I. INTRODUICTION

Nylon 66 parachute maaterialm have been found to ttndergo a
proqressive loss of stretiqth durinq storaqe and service. in studies detailed
in Part I of this report III it was found thiat minnificant loss"% of etronqth
occurred in antused parachutes in storaqp. Accelerated thermal aqinq studies
on parachute canopy material at temperatures from 650C to 1IO*C were used to
determine an extrapolated rate of deqradation at storaqe temperatures. Ttene
results qave qood aqreeuient with measured atrenqth lossesi fvom parachuttos
stored for Lip to 20 vears and accelerated aqinq dat4 were uqed for Predititnq
the service life of a new nylon 6fi ripatop material [I) used in the
manufacture of the prement ranqe of T-10 Personnel parachmtea. ResultsI
ohowinq the performanipe or the eanopv materiiAla when axpwosd to %uih Ier
als*o proeouto in Part I of this roportt

Thes-e rceultm did not provide any insiqht into the reaaona for the
elow gtrenqth losses oceawrinq on atoraqe or the relativo rates of strenqth
lose from the tvto. types of c-espv etAterial fatudied hVaee~t~ *i
aqing and oqtdoor expeaure. tý,ie report a study of thte physieal and
ehetaleal ehanqee oicurring ta -. e ý44rjalR durtftf 4eqaqadaktiml kis reported,
Theee reaults 4ee interpreted within the fraiwwork of the knowii aejetmjl4
reactions occ~rriq in nlylonf 94 polvyser% dqringq therm~al and phoreehesleal
oxid~tiofte ~rerm tha,3 ý fattiecm the mtrtgtqth of strenew-e lessew ona
44a'Iq c~ ba rienarwl*'ee4.



2. EXPRIMENTAL

The materials studied in this report were identical to those used
for mechanical measurements in Part 1. The material consisted of fabric
woven from yarns of oriented nylon 66 fibres of average diameter 20 um. The
polymer was confirmed to be poly(hoxamethylene adipamide) by Differential
Thermal Analysis. The following polymer property and chemical analysis
measurements were performed.

2.1 Dynamic Mechanical Measurements

The class tranoition temperature Tq was determined using a
Rheovibron DDV-; 1-C Dynamic Viscoelastometer operated at a constant frequency
of 110 Hz. The sample qrips were modified as described hv Mass& et al 121 to
minimize slippaqe of the 5 mm strips of fabric. The temperature was
monitored using a chromel alumel thermocouple held near the sample surface.
T ia defined as the temperature itt which the loss factor, tan 6, is a
maximum.

2.2 Molecular Weight Measurement

Nylon 66 fibres were dissolved in m-cresol, centrifuqed to remove
any piqments, and the intrinsic viscosity In) measured at 25*C with an
Ubbeloh•e dilution viscometer. The viscosity average molecular
weight, Mv, was obtained by using the constants K * 240 x 10-3 cm3 q- 1 and
a - 0.61 in the Kark-Houwink FEuation 31.

in) •k Mva

3.3 ChvŽmioal Mnaly~is

2.3.1 Carbonyl GrOUps

ftbiro wore d@eeermttA by thoir aton with 2-mahowphOn in tho ntrtel d

with a eartbavi group, and t|14 Qoaentrfl.ion mav tw determine from the

Oxciuietton cOoffivient of 13,000 1 MCI- co-' at %30 M*.1

2.3.3 if A anb d Ca*rbOXcV1iO Reid ma Groups

Amine end qroupe on the ny~lon Were determinted by eonduetCoeetrie
titration of a nyloný golution in phenol uo.inq 0.01 M hwtreczhlaric afcid 1S).
Arid and qrojpu -writ daoteumined by titration. of 41 0.2, q e~mnnW of nlon)!

diaQlvW4 in banrV4 alecohol 4t IRSOC with a 0.01 k Q!alutionof apot&a~v4M
hy'ixtode in bOnrYl alcohol, to a tflntolphthatoitn era point. JA blast

detorint W, epeetwswd fo" the ciarhoxyl qroawe formed bw hoatim4 henZVl

A fr

2-

i i u m m m ml i l ii mml • • II



* ,#

2.4 Dye Analysis~ end Phototenderinq Rxper-iments

In Part I of this report it was noted that nylon ripstop material
dyed olive drab showed a much qreater rate of strenqth loss than the plain
white taffeta material when exposed outdo~ors 111. As it is known that
certain dyes can increase the rate of photo-deqradation of nylon 66 '6
(phototenderinq) the dyes used in this material were examined. The oli;-
drab material was extracted with pyridine to remove the dyestuff. This was
then separated by high performance liquid chroma~toqraphy into three component
dyes coloured liqht blue, dark blue and orangie.

To determine if anv of these dven were responsible for
phototendering, these three colours plus the oriciinal olive drab were arolied
to nylon yarns using a conventional dveing system. Acetic acid was added
towards the end of the dyeing cycle to aid exhaustion.

These samiples, toqether with undyed yarns, were mounted outdoors at
MWI, at an anqle of 360 to the horizontal and the mechanical properties
measured periodically. The solar ra-diation dose was meatur*4 by chanqes in
aboorbance at 340 na of poly(phenylene, oxide) films (7].

3. R1FSfL.TS AND DISC'USSION

3.1 Molecular Weiqht Chanqes dturinq Thermal Aginq

The loss of stronqth of the nylon 66 polymer that wcurg on thermal
aginq cAn reault from either:

(i) a dv~crease in the anerqy to ftactara the polymer hý:.:iuge of
Crystal lizat~ion

(it) a dtecrease ift the malecul~ weight of the wolyer dtia to cha4in
Qcic~iof tectloas.

Tthe dyntaido-mc anwal "seauyemonte of nylon 1.6 during ther~mal aftag
shwthat there ie little ehanqe in the breadth or haiqht of the leae f 4k,

both of which watuWi be exjgto t~o eh~anq if the crviatalini v I ltered () I.

there ti,. howe~ver # decreaeO in vizeeoaitv i*Yeraqe 3beaeuliv veighrt
ans nhown in riqtira I for thori" aqinq of Nith nvlan " raffeti* 4m-A ripeatop

vueralsi at 11010e. Whille tite data mhow s~v-itantial "eattar. the~re ia a
alear trend for .4 docireeae in~ v with tiao of, agiPg 40~ the loea in ateanqth
ia atbi.3ted to seeision of the pal~e I nn it is POGsible thAt qom-e

I'.h4ta eroselinking le ocemr4. "ti C04d be detaeta4 by nof the
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Nylon 66, as manufactured, contains both terminal acid and amine
groups. These end groups can be analysed by the methods in Section 2.3.2 to
give the number averaqe molecnlar weiqht (Rn) of the pmlymer. it was found
that, during accelerated thermal aqinq of the nylon 66 taffeta material, there
were changes in the concentrations of these end groups.

3.2 Amine End Groups

There was a rapid decrease in the amine group concentration with
time of exposure at elevated temperature. This is shown in Figure 2 for
temperatures of 650C, 800C, 100 0C and 1100C.

These experiments show that thn n-4on 66 fibre samples reach a final-1
amine end group concentration, C , of about 22 Umol 1 after prolonqed
thermal aging, independent of the temperature. The disappearance of amine
end groups was tested for being first, order in amine concentration, C, by
plotting log [C - C /C - C ) against time of aqinq. Cc is the original
conce %tratioen of amino ad qroups in thm fibre (61 umol/g). A plot of the
dat& for amine end qroup disappearance at 800C and 1000C is given in Fiqure 3
and it can be seen that first order kinetica are obeyed. Table 1 summarlses
the rate constants for amine disappearance at the test temperatures. Fiqure
4 shows that these data fit an Arrhenius relation over this temperature range
giving a pre-exponential factor A of 2.2 x 10 S and an activation enfrqy,
Ea, of 71.0 ki mol" . This value for the activation enerqy in siqnificantly
lower than the value of 151.2 ko mol reported by Valko and Chiklis over the
temperature ranqe 1360C to 1921C (9]. It is noted that the temperatures in
their study are above the glass transition temperature of 1070C of the nylon
66 fibre measured in this investigation by dvnamic mechanical methods. it
has been reported that the rate of many polymer reactions such as oxidation
increaseoa above. the glass transition temperature 1101 and it is not expected
that the mechanism for amine consumption at the high teerateures studied hy
Valko and Ciklia would necessarily ba tho same a that at lower tiperatures.

it is of interest to note the significance of the value of C, the
con~ertjon of amine end •roups that cannot underqo chemoeal reaction. The
value of 22 VMol q- -represents of61% Ot %he oriqi"l concentration. C0o. A
typical nylon 66 ftbre has a degree of crystatlinity ranginq froa 36 to 41% so
it is roasonablle to aseu*,A thtat C represe•ts those amine end gqrpop that lie

in tho cryotalline region. This expvjlmn the *.aek of veaictvity of the-s end
groupa ali only the ehaireto vin amrphugs rgiou h~v@ sriciont mohilitv to

Among thie poesible r~sonsft for the d4appearawo of amino end qropo
duriag thermal aging. furhe pa~ neto with- tarwittl earboxyl qreupeo
And fee~-raded! oxidttat Wog uld appear the Raet likely. 'th§ proýeee of
theruAl 4qaqn ta an limeaodt- and rapid iteire~eas in the eairhoxyl 'ir~up

ce~~onan thiote to* also a doraiee44z- itt04 fthealeawlar w.@1qht of the
Pa yr Thrg-ek fOR14to faVOUr the PEWe1e4 Of 0X~e4tiq rather' th45 rut~

pAycomugwa tit-* ACM V4ll hit 4WQued bew.



3.3 Carbonyl and Carboxyl Groups

There is a significant chanqe in the extent of c-idation of the
polymer on aging. In Table 2 the chanqes of carhonyl an(; carhoxyl. group
concentration in the polymer with time of aqinq at 110 0 C are compared.

The changes in carboxyl qroup concentration with time of aging at
temperatures of 650 C, 80WC, 1000C and 1100C, are shown in Figure 5. The
rapid increase in carboxyl as well as carhonyl group concentration clearly
indicates that the rchemical changes occurring on thermal aginq are due to
oxidation of the polymer. The rate of formaticon of carbonyl groups is much
lower than carboxyl qroups. At 110 0 C the initial rates of formation are
respectively 0.275 umol q- 1 day- 1 and 2.7 Pmol a-' day"1 .

The growth of carboxyl groups at temperatures of 650C and R0OC
appears to be linear with time. However, at 1000C and 1101C. the curves
indicate that carboxyl group formation follows first order kinetics. This is
tested in Figure 6 and it is seen that the data at 1100C fits the relation

-k 't
I

(COOH]o - COOH (1 - e It

-1
where (COOHd]. = 103 imol

-1
k', - 0.025 day

S(carboxyl concentration at time 't' - carboxvl concentration
at time 'to,)

(CtOOI] a (maximum coneentration of carhoxyl - carboxvl eoteantration
at time to')

where kI ii the rate conatstnt for carboxvl qroupa formation hv the overall
reavteioa (1, which coIt•t ed ; i v see#ra-e t•fioi ('i).

d!P" -. cooa 14)

k I

i.e. - 11dt k

ht hiqh axyqeti partial pf,4eaurtrag thidt of oxvqott i tiat rito

It im aqt that while Carw-ayl Oidctafti pfodqowi 014V re~tnit e-ih~r
FrC* Oxtd~tioai oft he eh4aft vithout eh~in Qeipeeie of by a cadical roeteioft

of et4j coed~af Oj4Vmer __4in1g

.4!



all carboxyl groups are at chain ends, and the increase in carboxy1 qroup
concentration monitors the decrease in molecular weight of the po.ymer due to
polymer -vain scissions.

Si ce .- -h carboxr1 qroup per molecular corresponds to a maximum of
one. mrais t; iFtsion, thent a measure of the chair, scissions will. be given by

so M COOH]ScooH) to

Thio chemical method for measuring degradation can he compared with the
physical maasurement of chain scissions, S, from the decrease in molecular
weight.

where: s -.- 1

This is shown in Table 3 for aqinq at 1100C. A plot of S against
S' (Figure 7) shows that the chemical method indicates a hiqher number of
chain scissions at short times of aging than is determined from Av. Whether
this indicates substantial crosslinkinq (perhaps through the amine end groups)
is uncertain. A broadening of the molecular weight distribution with little
change in M. could occur. Daterminati,,n of the molecular weight distribution
by size exclusion chromatography would he required to elucidate this
further. The rate of polymer chain scigsiais at long aging times can be
determined from the molecular weight data of iqiure 1.

3.4 Relation between retained strength and chain scissions measured
by carboxy group concentration

From the temperature dependence of the rate of formation of carboxyv
group futmation (Table 4) the aý7tivation energy for polymer chain scissions
may be determined. This iv shown in Figure 8, and gives an activation enrqgy
of 5 kJ/mol which is only slightly lower than the value of 66.S kJ/mol for
the activation enorqy calaqlated for the rate of loss of strength of nylon i6
taffeta M. As the lows of strength on aging results from the ocistion of
the Volymer chain, there should be a siaple relation between S', as mo4*ured
froa carboxyl group concentration, ant the loss in strength of the
ma~tqrtl. this fol.).o since, in many polvtwre, the relationship ?w on 4
strength a, and numbor -avedw rage otular weight ogW bV()

0 A - -whore A *gd4 M ar coakjuat*
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If Aa is the loss in st'ength, then

PSI

W const. S'

This relationship is shown in Figure 9 using accelerated ac. data at R&OC.
This can be tested by uninq ?iqure 9 to determine the expe,. cd strength loss
from an actual parachute in which the carboxyl concentrý-i.on has been
determined. The chanqe in carboxyl group ewocentratio. vith the act of the
parachute canopy material is shown in Figure 10. At It; years the calculated
chain scission S' from Figure 10 are 0.7 per moletiuV:., Prom ?igiure 9 this
predicts a strength loss of 19.2%. The measured lozs in tensile strength of
the material is 19% (Figure 6, Part I).

In a recent report f121 the change in the chemical composition of
thermally aqe- nylon 66 yarn has been measured by UV-visible absorption
spectrophot-metry and related to the loss in tepnile strenqth. While the
chemical species responsible for the change in il absorption was not
identified, this report demonstrated the sensitiyity of a chemical method for
determining the degree of tensile strenqth loms in aged yarns. The results
reported here also demonstrate that the chemical changes in carboxyl
concentration of the fibre can he used to predict strength lossee from nylon
parachute materials held in storaqe. In addition, accelerated aqinq methods
may he uaed to dupli.ate the chatges occurrinq on long term storwoe provited
that the test temperature* do not largely exeeed the qlaws transition

temperature of the nylor 66 fibre (107lC).

).S Degradation duringq Outdoor ntfposute

As detailed in Part 1, the olive dera rtiptop and undved taffeta
materials baoh showed a deerease in strenqgh on outdoor exposuee, but it was
foiand hat the dye"d ripgtop dq•qaded faser. this i" op sdje to the

Malee-tlar tetiht baeurýsent* on both Materials confirmed that rho
alive .r4b Mateetal showed a #astaer rate of ehain Aeieia• than• the u.ndv-e'.

tafteta. Thene results are suMmaried in T4ble S. Ones aqidaf solvmfr ehain
geissiserw (in 11ýhjs eca eaaleql~toO from mojeecular weighs daýta) are simply
related to the toss in% ltrengith am t~akom is Wt.qqre it foe both typest of

The ?oeiaablity of the 4fferewt~z ini the rratoe pt phoeehwaiSC
dUgradarto" arieinz froM4sniia o of the ntylon ripsiep jtA 'sea- Cif the
ao-Mpononts it the. olive 4rAb it"e Mst ben iaeaiaet A &hf-- Fittqlt-
1o

ta ~ci ytaateices ttterz~ o h ~lai
S: .i
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at 400 nm with solar icadiation dose. This could result from photodelradation
of one of the dyestuffs that leads to fading on outdoor exposure [13].
Whether this reaction contributes to an increased rate of photo-oxidation of
the nylon substrate is uncertain, and the following experiments were performed
to examine the phototendering effect of any of the dye components.

As detailed in the experimental section, the component dye.s were
separated irom the olive drab material, applied to nylo.n 66 yarns and exposed
outdoors. The tensile strength of the yarns was measured as a fun ftion of
solar dose. The results are summarised in Table 6 and it can be seen that,
within the expected scatter of mechanical measurements, none of the component
dyes produced an increase in the rate of tensile strength loss compared to the
undyed yarn. Of particular interest is the observation that the orange dye
shows a photostabilising effect. As a detailed chemical analysis of the dye
components has not been performed no further conclusions can be , 1rawn. It
does not appear from these experiments that the dyes are responsible for the
increased rate of degradation of the ripstop material.

The differences between the materials therefore must a:-Lse from
differences in the stabilizers in the nylon 66 fibres, yet extraction and HPLC
analysis has so far failed to reveal significant differences.

4. CONCLUSIONS
J I

It was shown that the thermo-oxidative processes occurring durinq
aging of nylon 66 can be used to monitor the rates and degree of polymer
degradation. These rates can be determined by changes in the polymer
carbonyl, carboxyl and amine concentrations, as well as the more conventional
molecular weight measurements.

The formation of carboxyl end qroups was found to occur via a first
order reaction, with the initial rate of I rmation at a temperature near T of
the polymer being 10 times that for carbonyl formation. This indicated t~at
the oxidation reaction was complete and few end of chain catbonyls existed.
The carboxyl groups which only occur at chain ends were used as a measure of
the number of chain scissions occurrinq. A correlation between chain

scissions and tensile strenqth loss was found. This was tested and the
results showed it to be applicable for in-service parachutes.

* Rates for photochemical degradation were also determined. Althouqh
parachutes are expected to see very little sunliqht, some dyestuffs are known
to accelerate the rate of degradation throuqh phototenderinq. The rate of
photodegradation was faster for the olive drab dyed material than tar the
undyed material. Subsequent exposure trials using the olive drab dye mixture
and the individual dye components showed no phototendering effects. More
likely the differences in rates result from different UV stabilizers beinq
used. The results obtained for the photodeqradation are opposite to those
tor thermal oxidation, where the undyed nylon 66 was shown to deqrade faster
than the olive drab dyed nylon 66 (1].

8a
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T A BLE 1

Rate Constants for Disappearance of Amine End Groups

T0C k (day)

110 0.0450

100 0.0393

80 0.0063

65 0.0029



TABLE 2

Concentratton of Carbonyl and Carboxyl Groups

in Nylon Taffeta Aqed at 110 0C

S~[COOH]
Carbonyl

Days aged Concentration Carboxyl [Carbonyl
Concentration

(mol/g) (mol/g) [COOH]

0 0.2 x 10- 6  64 x 10- 6  3.0 x 10-3

2 0.8 x I0-6 75 x I0- 6  1. x I0- 2

-6 I-6

0.6 x 10 76 x 10 7.9 x 10

32 2.14 x 10- 6  105 x I0- 6  2.0 x 10-2

ii

I

- -
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TABLE 3

comparison of Number of Polymer Chain Scissions, S, Calculated from M4

with those Calculated from Carboxyl Group. Concentration, S'.

Data for Nylon 66 Undyed Taffeta Aged at 110 0C

Time of Aging [COOH] S' S

0 64 0 0

1 68 0.06 0.04

2 75 0.17 0.2

3 76 0.19 0

7 81 0.26 0.06

21 97 0.52 0.32

32 105 0.64 0,46

49 127 0.98 0.87 I

75 148 1.31 1.38

S1 I

iI

l w



TABL E 4

Temperature Dependence of the Rate of Chain Scission Calculated

from Carboxyl Group Concentration for Nylon Taffeta

T°C dS'/dt
(scissions day'1)

65 0.0014

80 0.0040

100 0.0067

110 0.0163

#4

I
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ThBLE 5

Viscosity Averaqe Molecular Weiqht of Canopv

Materials ExposedOutdoors

•tOal Dose Molecular Weiqht M-Days Exposed 2
sGm 2 Olive Drab Material t~ndyed Taffeta Material

0 0 23,300 22,950

17 0.18 21,650 19,350

38 0.46 18,500 1-9,650

59 0,.80 18,650 19,250

111 1.89 14,650 17,100

131 2.35 10.000 16,300

181 3.44 8.'100 8,050

I.
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a*ABLE: 6 "

Tensile Strength and naerqy to F'racture Measurements for

"Rdyed Nylon Yarns Fxposed Outdoors

Percentaqe Tensile Strenqth LossTotal

Days exposed Dose
2 Ulndyed

GJ/m2 Yan olive Drab Oranqe Dark Blue Liqht Rlue

14 0.12 0.9 3.6 0.6 4.8 2.4

34 0.34 5.7 12.5 4.2 4.5 8.3

86 1.21 23.8 24.1 19.3 24.1 21.1

108 1.68 33.() 29.4 17.5 30.6 30.3

Total Enerqy to Fracture at Break (Joi4e)

Days aged Dose
Gj/IM Yany )ive Drab Oraicqe Dark Blue Liqht Blue

Ya rn

14 0.12 - 6.35 6.39 5.79

34 0.34 4.41 S.73 6.8s 5.49 5,29

86 1.21 2.89 4.12 4.01 3.94 4.31

108 1.69 2.12 3.60 4.44 3,19 3.40
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FIGURE 2 mecrease in amine concentration for thermaullv
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